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	 No	Crash	 Crash	 No	Crash	 Crash	
No	Fog	(N=15)	 10	 5	 15	 0	
Light	Fog	(N=15)	 14	 1	 14	 1	
Heavy	Fog	(N=15)	 8	 7	 12	 3	
Heavy	Fog	+	Quiz	(N=15)	 13	 2	 15	 0	
No	Fog	+	n-back		(N=15)	 11	 4	 15	 0	
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control	safely,	previous	studies	argued	that	drivers	should	remain	engaged	with	the	driving	task	during	
automation	to	intervene	quickly	if	necessary.[3]		This	justifiably	conservative	recommendation	results	in	
drivers	not	being	relieved	of	the	workload	that	automated	driving	promises,	highlighting	a	familiar	irony	of	
automation.[28]		This	paper	provides	two	recommendations	that	might	help	realise	the	potential	for	PAD	to	
reduce	workload:		1)	automated	driving	systems	needs	to	be	able	to	direct	drivers’	attention	towards	the	
cause	of	a	system	limitation	at	least	six	seconds	in	advance	of	an	adverse	outcome,	and	2)	drivers	need	to	
possess	an	accurate	and	confident	understanding	of	their	role	and	the	capabilities	of	their	PAD	systems.[29]	
These	are	especially	relevant	for	time-critical	situations,	and	where	drivers	are	ultimately	responsible	for	
safety.		A	possible	limitation	of	this	study	is	that	the	automated	drive	duration	used	may	not	have	been	long	
enough	to	induce	the	out	of	the	loop	states.		Therefore,	and	with	a	view	to	developing	a	more	complete	
understanding	of	drivers’	capacity	to	resume	control,	a	natural	progression	of	this	work	is	to	investigate	links	
between	longer	durations	out	of	the	loop,	visual	attention,	takeover	times,	vehicle	control,	and	crash	
outcome.		
What	is	already	known	on	this	subject	
•! In	the	coming	decades,	the	driving	task	will	become	increasingly	automated.		Irrespective	of	the	level	of	
automation,	drivers	will	likely	engage	in	non-driving-related	tasks,	which	may	impede	their	ability	to	avoid	
crashes	if	they	are	expected	to	resume	manual	control,	should	the	vehicle	reach	a	limitation.	
•! Little	is	known	about	drivers’	visual	attention	during	such	instances,	yet	this	is	especially	important	as	
automation	renders	traditional	metrics	of	driver	behaviour	inadequate.	
•! The	design	of	safe	automated	driving	systems	can	and	should	be	informed	by	a	clear	understanding	of	
how	drivers’	visual	attention	is	distributed	in	the	moments	after	they	are	expected	to	resume	control.		
What	this	study	adds	
•! This	research	improves	and	expands	upon	previous	research	by	comparing	how	varying	levels	of	drivers’	
awareness	of,	and	engagement	with,	a	partially	automated	driving	system	influences	their	visual	attention	
distribution	during	critical	and	non-critical	road	events.	
•! A	detailed	insight	into	drivers’	eye	fixation	behaviour	in	these	events	is	presented,	and	differences	in	
visual	attention	patterns	between	those	who	crashed	and	those	who	did	not	is	shown.	
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•! Our	results	suggest	it	is	imperative	that	automated	driving	systems	are	able	to	direct	drivers’	attention	no	
less	than	6	s	in	advance	to	the	cause	of	a	manual	take-over	request,	especially	if	this	is	a	traffic	threat	that	
may	lead	to	a	crash.		This	is	a	conservative	estimate,	however,	with	the	threshold	likely	to	rise	with	
increasing	road	and	traffic	complexity.	
Acknowledgements	The	authors	would	like	to	thank	Michael	Daly,	Tony	Horrobin	and	Andrew	Tomlinson	for	
their	assistance	in	implementing	the	simulator	scenarios.	
Funding	This	research	was	conducted	as	part	of	the	AdaptIVe	project,	co-funded	by	the	European	Commission	
under	the	7
th
	Framework	Programme,	grant	agreement	number	610428.			
Disclaimer	The	findings	and	conclusions	in	this	report	are	those	of	the	authors	and	do	not	necessarily	
represent	the	views	of	the	European	Commission.	
Competing	interests	None	declared.	
Ethics	approval	University	of	Leeds	Research	Ethics	Committee	(Reference	Number:	LTTRAN-054).	
References	
1! SAE	On-Road	Automated	Vehicle	Standards	Committee.	Taxonomy	and	Definitions	for	Terms	Related	to	
On-Road	Motor	Vehicle	Automated	Driving	Systems;	Technical	Report	J3016_201401.	Hong	Kong,	
China:SAE	2014.		
2! Volvo	Cars.	EU	agrees	to	bring	self-driving	cars	to	the	roads.	http://www.volvocars.com/intl/about/our-
innovation-brands/intellisafe/intellisafe-autopilot/news/eu-agrees-to-bring-self-driving-cars-to-the-roads	
(accessed	26	April	2016).	
3! Merat	N,	Jamson	AH,	Lai,	FCH,	Daly	M,	Carsten	OM.	Transition	to	manual:	Driver	behaviour	when	
resuming	control	from	a	highly	automated	vehicle.	Transp	Res	Part	F	Traffic	Psychol	Beh	2014;26,1–9.	
4! Desmond	PA,	Hancock	PA.	Active	and	passive	fatigue	states.	In:	Desmond	PA,	Hancock	PA,	eds.	Stress,	
workload,	and	fatigue.	Mahwah,	NJ:	Lawrence	Erlbaum	2001:455-465.	
5! Desmond	PA,	Matthews	G.	Implications	of	task-induced	fatigue	effects	for	in-vehicle	countermeasures	to	
driver	fatigue.	Accid	Anal	Prev	1997;29,515–523.	
6! Endsley	MR.	Toward	a	theory	of	situation	awareness	in	dynamic	systems.	Hum	Factors	37,65–84.	
7! Hollnagel	E,	Woods	DD.	Joint	cognitive	systems:	patterns	in	cognitive	systems	engineering.	CRC	Press,	
Boca	Rotan	2005.	
8! de	Winter	JCF,	Happee	R,	Martens	MH,	Stanton	N.	Effects	of	adaptive	cruise	control	and	highly	
automated	driving	on	workload	and	situation	awareness:	A	review	of	the	empirical	evidence.	Transp	
Res	Part	F	Traffic	Psychol	Behav	2014;27,196-217.	
9! Carsten	O,	Lai	FCH,	Barnard	Y,	Jamson	AH,	Merat	N.	Control	task	substitution	in	semi-automated	driving:	
Does	it	matter	what	aspects	are	automated?	Hum	Factors	2012;54,747–761.	
10! Neubauer	C,	Matthews	G,	Langheim	L,	Saxby	D.	Fatigue	and	voluntary	utilization	of	automation	in	
simulated	driving.	Hum	Factors	2014;54(5),734–746.	
11! Merat	N,	Jamson	AH,	Lai,	FCH,	Carsten	O.	Highly	automated	driving,	secondary	task	performance,	and	
driver	state.	Hum	Factors	2012;54,762–771.	
Louw,	Madigan,	Carsten,	&	Merat.	(in	press).	Were	they	in	the	loop	during	automated	driving?	Links	between	visual	
attention	and	crash	potential.	Injury	Prevention.		
 
 
 
13 
 
12! Louw	T,	Kountouriotis	G,	Carsten	O,	Merat	N.	Driver	Inattention	During	Vehicle	Automation:	How	Does	
Driver	Engagement	Affect	Resumption	of	Control?	In:	4th	International	Conference	on	Driver	Distraction	
and	Inattention.	ARRB	Group	Limited	2015.	15.	
13! Louw	T,	Merat	N.	(under	review).	Are	you	in	the	loop?	Using	gaze	dispersion	to	understand	driver	visual	
attention	during	vehicle	automation.	Transp	Res	Part	C	Emerg	Technol.	
14! Chapman	PR,	Underwood	G.	Visual	search	of	driving	situations:	Danger	and	experience.	Perception	
1998;27,951–964.	
15! Velichkovsky	BM,	Rothert	A,	Kopf	M,	Dornhöfer	SM,	Joos	M.	Towards	an	express-diagnostics	for	level	of	
processing	and	hazard	perception.	Transp	Res	Part	F	Traffic	Psychol	Beh	2002;5,145–156.	
16! Crundall	DE,	Shenton	C,	Underwood	G.	Eye	movements	during	intentional	car	following.	Perception	
2004;33(8),975–986.	
17! Gold	C,	Damböck	D,	Lorenz	L,	Bengler	K.	“Take	over!”	How	long	does	it	take	to	get	the	driver	back	into	
the	loop?	Proceedings	of	the	Human	Factors	and	Ergonomics	Society	Annual	Meeting	2013;57,1938–
1942.	
18! Louw	T,	Merat	N,	Jamson	AH.	(2015).	Engaging	with	Highly	Automated	Driving:	To	be	or	not	to	be	in	the	
loop?	In	Proceedings	of	the	8th	International	Driving	Symposium	on	Human	Factors	in	Driver	Assessment,	
Training	and	Vehicle	Design	(pp.	190–196).	Snowbird,	Utah.	
19! Mehler	B,	Reimer	B,	Dusek	JA.	MIT	AgeLab	delayed	digit	recall	task	(n-back).	MIT	AgeLab	White	Paper	
Number	2011–3B.	http://agelab.mit.edu/system/files/Mehler_et_al_n-back-white-paper_2011_B.pdf	
(accessed	28	April	2016).	
20! Kirchner	WK.	Age	differences	in	short-term	retention	of	rapidly	changing	information.	J	Exp	Psychol	
1958;55(4),352–358.		
21! Harbluk	JL,	Noy	YI,	Eizenman	M.	The	impact	of	cognitive	distraction	on	driver	visual	behaviour	and	vehicle	
control.	Transport,	Canada,	2002.		
22! Victor	TW,	Harbluk	JL,	Engström	J.	Sensitivity	of	eye-movement	measures	to	in-vehicle	task	difficulty.	
Transp	Res	Part	F	Traffic	Psychol	Beh	2005;8(2),167–190.	
23! Hammond	KR,	Householder	JE,	Castellan	NJ.	Introduction	to	the	statistical	method.	New	York:	A.A.	Knopf	
1970.	
24! Schafer	WD.	Assessment	of	dispersion	in	categorical	data.	Educ	Psychol	Measur	1980;40:879–83.	
25! Engström	J,	Johansson	E,	Ostlund	J.	Effects	of	visual	and	cognitive	load	in	real	and	simulated	motorway	
driving.	Transp	Res	Part	F	Traffic	Psychol	Beh	2005;8,97–120.	
26! Lee	JD,	See	KA.	Trust	in	automation:	Designing	for	appropriate	reliance.	Hum	Factors	2004;46,50–80.	
27! Parasuraman	R,	Sheridan	TB,	Wickens	CD.	A	model	for	types	and	levels	of	human	interaction	with	
automation.	IEEE	Trans.	Syst.,	Man,	Cybern.	A,	Syst.,	Humans	2000;30(3),286–297.		
28! Bainbridge	L.	Ironies	of	automation.	Automatica	1983;19,776–779.	
29! Vlasic	B,	Boudette	N.	Self-Driving	Tesla	Was	Involved	in	Fatal	Crash,	U.S.	Says.	New	York	Times.	2016.	
http://nyti.ms/2992FVh	(accessed	5	July	2016).	
